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Interleukin-18 (IL-18) is a proinflammatory cytokine that promotes natural killer (NK) and T-cell activa-
tion. Several poxviruses, including vaccinia virus (VV), encode a soluble IL-18-binding protein (IL-18bp). The
role of the VV IL-18bp (gene C12L) in vivo was studied with wild-type (vC12L), deletion mutant (vAC12L), and
revertant (vC12L-rev) viruses in a murine intranasal model of infection. The data show that vAC12L was
markedly attenuated, characterized by a mild weight loss and reduced virus titers in lungs, brain, and spleen.
Three days after infection, NK cytotoxic activity was augmented in the lung, spleen, and mediastinal lymph
nodes (MLNs) of vAC12L-infected mice compared to controls. Seven days after infection, vAC12L-infected
mice displayed heightened VV-specific cytotoxic T-lymphocyte (CTL) responses in the lungs, spleen, and
MLNSs. Gamma interferon (IFN-y) levels were also dramatically elevated in lavage fluids and cells from lungs
of mice infected with vAC12L. Finally, we demonstrate that IL-18 is produced in vitro and in vivo after VV
infection. Taken together, these data demonstrate a role for the vIL-18bp in counteracting IL-18 in both the
innate and the specific immune response to VV infection and indicate that the ability of IL-18 to promote
vigorous T-cell responses (cytotoxic activity and IFN-y production) is a critical factor in the accelerated

clearance of the vAC12L mutant.

Interleukin-18 (IL-18), originally designated gamma inter-
feron (IFN-vy)-inducing factor, has important roles in the reg-
ulation of both innate and specific immune responses. IL-18
mediates its activity via the induction of IFN-y production in
natural killer (NK) and T cells and the stimulation of lytic
activity of NK cells, T-cell proliferation, and upregulation of
Fas ligand by NK cells (reviewed in references 15 and 39).
Furthermore, IL-12 and IL-18 act synergistically to promote
Thl-mediated immune responses, which play a critical role in
defense against intracellular microbes through the production
of IFN-y.

IL-18 is related structurally to IL-1 and is produced as an
inactive precursor, which is processed and activated by caspase
1 (IL-1B-converting enzyme) (20, 21). IL-18 is produced by
activated macrophages/monocytes and binds to the IL-18 re-
ceptor (IL-18R), which is composed of two subunits: IL-18Ra
is the ligand-binding receptor chain, and IL-18Rp is involved
in signal transduction. The extracellular regions of IL-18Ra
consist of three immunoglobulin (Ig)-like domains and shares
amino acid similarity with the IL-1R family (reviewed in ref-
erence 49). Recently, soluble proteins from humans and mice
have been described that can bind and neutralize IL-18 (40)
and may play an important regulatory role. Surprisingly, these
IL-18-binding proteins (IL-18bps) are unrelated to either sub-
unit of the IL-18R.
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IL-18 is important in protective immunity against viral in-
fections. Depletion of IL-18 by antibody or in IL-18 '~ mice
demonstrated a role in protection against herpes simplex virus
type 2 (HSV-2) infection (22) and in modulation of the IFN-y
response to infection with adenovirus (62), murine cytomega-
lovirus (CMV) (41), and influenza virus (36). Administration
of IL-18 also protected mice from acute infection with HSV-1
(19) and encephalomyocarditis virus (26, 57). Furthermore,
treatment with IL-18 suppressed pock formation on the tails of
mice inoculated intravenously with vaccinia virus (VV) and
augmented NK and cytotoxic T-lymphocyte (CTL) activity
(56).

The importance of IL-18 in virus infections is underscored
by the finding that poxviruses and papillomaviruses suppress
IL-18 production or activity. Papillomavirus oncoproteins E6
and E7 reduce IL-18-induced IFN-y production in primary
human peripheral blood mononuclear cells (PBMCs) and the
NKO cell line (32). Poxviruses secrete a soluble IL-18bp (see
below), inhibit signaling via the IL-18R (9), and encode an
inhibitor of caspase 1 (30) that cleaves pro-IL-1p and pro-
IL-18 to IL-1B and IL-18, respectively. Functional poxvirus
IL-18bps (VIL-18bps) related to mammalian IL-18bps are en-
coded by molluscum contagiosum virus (MC54L) (61), ec-
tromelia virus (EV), cowpox virus, and VV (8, 51). Other
poxviruses, including variola virus (35), Yaba-like disease virus
(31), monkeypox virus (48), and swinepox virus (1), are pre-
dicted to encode vIL-18bps. Deletion of the IL-18bp (gene
C12L) from VV strain Western Reserve (WR) caused virus
attenuation (54), and deletion of the corresponding gene from
EV was associated with elevated local NK cell function in mice
infected intraperitoneally (8).

Here we have studied the mechanism by which the VV
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soluble vIL-18bp contributes to VV virulence by using wild-
type VV WR (vC12L), a deletion mutant lacking the vIL-18bp
(VACI12L), and a revertant virus (vC12L-rev) (54). Mice in-
fected with vAC12L showed greatly enhanced IFN-y levels in
lung cells and bronchoalveolar lavage (BAL) fluids and height-
ened NK and CD8™ T-cell cytotoxicity. IL-18 was also detected
in lavage fluids from VV-infected mice and in culture super-
natants from murine macrophages infected with VV in vitro.
These results indicate the importance of vIL-18bp in counter-
acting the role of IL-18 in both the innate and the specific
immune responses to VV infection.

MATERIALS AND METHODS

Cells and viruses. Human TK™143B and D98OR cells and monkey BS-C-1
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum (DMEM, ). The origins of
the orthopoxviruses used here and their growth, titration, and purification were
described previously (5).

Assay for virus virulence. Groups of female BALB/c mice between 6 and 8
weeks of age were anesthetized and infected intranasally with 10* PFU of VV in
20 wl of phosphate-buffered saline (PBS). Each day, mice were weighed individ-
ually and monitored for signs of illness (2), and those suffering a severe infection
or having lost >25% of their original body weight were sacrificed. To determine
virus titers in organs, mice were sacrificed and their lungs, brains, and spleens
were removed, Dounce homogenized, frozen and thawed three times, and son-
icated. The titer of infectious virus was determined by plaquing on BS-C-1 cells.

Recovery of immune cells for flow cytometry and cytotoxic assays. BAL fluid
and lung, spleen, and mediastinal lymph nodes (MLNs) were obtained from
mock-infected and VV-infected mice 3 and 7 days postinfection (p.i.). To obtain
BAL, mice were sacrificed, and the lungs of each mouse were inflated five times
with a 1-ml volume of PBS containing 10 U of heparin per ml through a blunted
23-gauge needle inserted into the trachea. BAL was centrifuged at 3,000 rpm for
10 min in a Beckman bench-top centrifuge, and the supernatant was removed
and frozen at —20°C for analysis of cytokines by enzyme-linked immunosorbent
assay (ELISA). BAL cells were resuspended in Tris-NH,Cl (0.14 M NH,Cl in 17
mM Tris, adjusted to pH 7.2) to lyse erythrocytes, washed and resuspended in
cold RPMI 1640 medium containing 10% fetal bovine serum. Single-cell suspen-
sions of lung tissue, spleen, and MLN were prepared by sieving through a
100-pwm-pore-diameter nylon mesh followed by hypotonic shock to lyse erythro-
cytes. Cell viability in all samples was assessed by trypan blue exclusion.

Cytotoxic assays. NK cell cytotoxicity and VV-specific CTL activity in single-
cell suspensions from BAL, lung, spleen, and MLN was assayed with a standard
SICr-release assay. NK-mediated lysis was tested on YAC-1 cells, while P815 cells
(H-29, mastocytoma) were used as targets for VV-specific CTL lysis. Prior to
labeling with Na,*'CrO, (150 p.Ci per 3 x 10° cells), P815 cells were mock
infected or infected with VV WR at 10 PFU per cell for 2 h at 37°C. Uninfected
YAC-1 cells were labeled as described above. Serial dilutions of effector cells
were incubated in triplicate cultures with either noninfected or VV-infected
target cells in 100 pl of RF, in 96-well V-bottomed plates at 37°C in 5% CO,.
After 4 h (YAC-1) or 6 h (P815) cells were collected by centrifugation, and 50 pl
of supernatant was transferred to a Lumaplate-96 (Packard Instrument Com-
pany, Inc.) and counted. The percentage of specific °'Cr release was calculated
as specific lysis = [(experimental release — spontaneous release)]/(total deter-
gent release — spontaneous release)] X 100. The spontaneous release values
were always <10% of total lysis.

In some experiments, asialo-GM, " or CD8" cells were depleted from lung cell
suspensions by incubation at 37°C with an anti-CD8 monoclonal antibody (MAb)
(clone 3.115 [47]) or with anti-asialo-GM,; (Wako Pure Chemicals) in the pres-
ence of human complement. Analysis by flow cytometry revealed selective de-
pletion of the desired cell populations. Depleted cells were added to cytotoxicity
assays without adjustment for the depletion in cell number.

In vitro infection of lung macrophages. To obtain lung macrophages, a BAL
procedure was carried out on naive BALB/c mice as described above. Approx-
imately 0.5 X 10° to 1 X 10° cells were consistently obtained, and more than 95%
of these cells were macrophages. These cells were resuspended in DMEM,; and
cultured in 96-well plates at 0.1 X 10° cells per well. After 4 h, nonadherent cells
were removed by three vigorous washes and the adherent macrophages were
cultured with VV at 10 PFU per cell for 2 h. Cells were washed three times and
cultured for 24 h before medium was removed, centrifuged at 3,000 rpm for 10
min, and the clarified supernatants frozen at —20°C.
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ELISA for cytokines. Cytokines were measured in BAL and macrophage
culture supernatants by ELISA. ELISA kits were from Pharmingen (IFN-y,
1L-10, and IL-4) or R&D Systems (IL-18).

Flow cytometric analysis of cell surface and intracellular antigens. Single-cell
supensions of BAL, lung, spleen, or MLN cells were blocked with 10% normal
rat serum and 0.5 pg of Fc block (Pharmingen) in fluorescence-activated cell
sorter (FACS) buffer (PBS containing 0.1% bovine serum albumin and 0.1%
sodium azide) on ice for 20 min. Cells were stained with appropriate combina-
tions of fluorescein isothiocyanate (FITC)-, phycoerythrin (PE)-, or quantum red
(QR)-labeled anti-CD3, anti-CD8, anti-CD4, or anti-pan NK (DX5) and the
relevant isotype antibody controls (all from Pharmingen, San Diego, Calif.). The
distribution of cell surface markers was determined on a FACScan flow cytom-
eter with CellQUEST software (Becton Dickinson, Mountain View, Calif.). A
lymphocyte gate was used to select at least 20,000 events.

To detect intracellular cytokines, 10° lung cells per ml was stimulated with 50
ng of phorbol myristate acetate (PMA) per ml (Sigma) and 500 ng of ionomycin
per ml (Calbiochem) in the presence of 10 pg of brefeldin A per ml (Sigma) for
5 h at 37°C. Cells were washed with FACS buffer and stained with QR-conju-
gated CD4 and FITC-conjugated CDS8 for 30 min on ice and then fixed for 30
min at room temperature with 2% paraformaldehyde in PBS. Samples were
permeabilized with 0.5% saponin in FACS buffer for 10 min. PE-conjugated
anti-mouse IFN-y (clone XMG1.2; Pharmingen) was added for a further 30 min
at room temperature and the cells were washed once with 0.5% saponin in FACS
buffer and twice in FACS buffer alone. Cells were analyzed on a Becton Dick-
inson flow cytometer collecting data on at least 20,000 lymphocytes.

Nitrite determination. Measurement of nitrite in BAL fluids provides an
indirect indication of the amount of nitric oxide (NO) production in the lung.
Nitrite was measured colorimetrically at 540 nm by mixing 100 wl of BAL fluid
with freshly prepared Greiss’ reagent as described elsewhere (16). Each sample
was assayed in duplicate, and sodium nitrite was used to generate standard
curves.

RESULTS

Virulence of VV lacking C12L (vAC12L). VV strain vAC12L
was attenuated in a murine model of infection (54). To inves-
tigate the basis for this phenotype, groups of mice were in-
fected with wild-type (vC12L), deletion mutant (vVAC12L), or
revertant (vC12L-rev) virus and monitored for weight loss (Fig.
1A), signs of illness (Fig. 1B), and infectious virus titers in
lungs, spleen, and brain on days 3, 7, and 10 p.i. (Fig. 2). Levels
of weight loss were similar between all infected groups on days
1 to 7; however, thereafter, mice infected with vAC12L recov-
ered more rapidly than controls. Signs of illness were also
milder in animals infected with vAC12L. Virus titers in lung
homogenates were similar between all groups at day 3 p.i.;
however, mice infected with vC12L or vCI12L-rev virus re-
tained significantly higher titers of virus at days 7 and 10 (Fig.
2).

In the intranasal model, inoculum doses of VV WR of =10*
PFU are accompanied by extensive respiratory infection and
virus dissemination (59, 60). To examine the ability of the three
viruses to spread in vivo, homogenates of brain and spleen
were assayed for infectious virus. At day 3 p.i., infectious virus
was recovered from the brains of some animals and from the
spleens of all animals infected with the recombinant VVs (Fig.
2). No differences in virus titer were observed between groups
at this time. At day 7, less virus was detected in brain and
spleen samples from vACI12L-infected mice, and by day 10,
virus had been cleared from the brains and spleens of all
vC12L- or vC12L-rev-infected mice, but only three of five mice
infected with either vC12L or vC12L-rev. In a second experi-
ment, virus was recovered from the brains and spleens of none
of five vAC12L-infected mice, and two of five and three of five
mice infected with vC12L or vC12L-rev, respectively, 10 days
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FIG. 1. Virulence of recombinant VVs in the murine intranasal
model. Groups of five BALB/c mice were mock-infected (<) or in-
fected with 10* PFU of vC12L (m), vAC12L (O), or vC12L-tev (A).
(A) Mice were weighed daily, and the results are expressed as the
mean percent weight loss of each group * standard error compared
with the weight immediately prior to infection. Data are from five
mice, except for the group infected with vC12L-rev, in which one
mouse was sacrificed at day 9 and another at day 10. P values were
determined by using Student’s ¢ test and indicate mean percent weight
changes of mice infected with vAC12L that were significantly different
from those of mice infected with vC12L or vC12L-rev. (B) Animals
were monitored daily for signs of illness, which was scored from 1 to 4
as described previously (2). Data from each day are expressed as the
mean * standard error from five mice, except for the group infected
with C12L-rev, in which 1 mouse was sacrificed at day 9 and another at
day 10. P values were determined by using Student’s ¢ test and indicate
mean signs of illness of mice infected with vAC12L that were signifi-
cantly different from those of mice infected with vC12L or vC12L-rev.

after infection. These findings indicate that the vAC12L virus is
capable of in vivo spread; however, it is cleared more rapidly
than vC12L and vC12L-rev.

Effect of VV infection on numbers of cells in the BAL and
lung. To examine the cellular infiltrate, the number of cells
from BAL fluids was determined. By day 3 p.i., cell numbers in
lung and BAL preparations from virus-infected animals had
increased compared to those in mock-infected controls, and
this increase was more pronounced on days 7 and 10 p.i. At
days 3, 7, and 10 p.i., the number of lung or BAL cells recov-
ered from vAC12L-infected animals was not significantly dif-
ferent from those recovered from mice infected with control
viruses (data not shown), indicating that deletion of C12L has
little effect on the overall number of cells recruited to the lung.
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FIG. 2. Replication and spread of recombinant VVs in vivo. Mice
were infected with 10* PFU of vC12L (m), vACI2L (O), or vC12L-rev
(A). On the indicated day p.i., five animals infected with each virus
were sacrificed, and the titer of infectious virus in the lungs, brains, and
spleens was determined by plaque assay on BS-C-1 cells. Virus titers
are expressed as PFU per organ. The broken line indicates the mini-
mum detection limit of the plaque assay.

Enhanced NK cell cytotoxicity in mice infected with
vACI12L. Because IL-18 induces NK cell cytotoxicity (25, 58)
and the CI2L protein inhibited murine IL-18 in vitro, we
examined the role of C12L in NK cell activation in vivo. Cy-
totoxic activity was determined by lysis of YAC-1 tumor cells in
a >'Cr-release assay. Effector cells were recovered from BAL,
lung, spleen, and MLN at days 3 and 7; however, results from
day 7 are not shown, because little NK cytotoxic activity was
detected in cells from any of these sites at this time (<10%
lysis at an effector-to-target [E:T] ratio of 100:1). Day 3 effector
cells recovered from BAL, lung, spleen, and MLNs of vAC12L-
infected mice showed greater cytotoxicity toward YAC-1 tar-
gets than cells from vC12L- and vC12L-rev-infected mice (Fig.
3). To confirm that cytotoxicity was due to NK cells, lung cells
taken 3 days p.i. with vAC12L were depleted of CD8" cells or
asialo-GM, " cells in the presence of human complement (Ma-
terials and Methods). Treatment with complement alone or
complement plus anti-CD8 MAD had little effect on cytotoxic
activity, but treatment with complement plus anti-asialo-GM;
removed virtually all activity (undepleted = 35%, complement
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FIG. 3. NK cytotoxicity in BAL, lung, spleen, and MLN after VV
infection. Groups of six mice were mock infected (¢ ) or infected with
10* PFU of vC12L (m), vAC12L (O), or vC12L-rev (A). At day 3, NK
cytotoxicity was determined in cell suspensions prepared from the
BAL, lung, spleen, and MLN of mice. Specific lysis of YAC-1 cells was
assessed by °!Cr-release assay. Data are expressed as the mean +
standard error from two groups of mice (n = 3 per group). Cells were
also stained for expression of the pan-NK cell marker DXS5 and exam-
ined by flow cytometry with a minimum of 20,000 cells analyzed in a
lymphocyte gate. Results are expressed as the percentage of DX5"
cells in the total viable cell population. P values were determined by
Student’s ¢ test and indicate the mean percentage of DX5™ cells from
mice infected with vVACI2L that were significantly different from those
from mice infected with vC12L or vC12L-rev. *, P < 0.05.

alone = 33%, complement plus anti-CD8 = 26%, and com-
plement plus anti-asialo-GM, " = 1.5% lysis, at an E:T ratio of
100:1).

Effector cell populations were also stained for expression of
the NK cell marker DXS5 to ascertain if the enhanced NK
cytotoxic activity was due to greater recruitment of NK cells or
increased activation of those cells present. The percentage of
DX5™ cells detected in BAL and lung was significantly greater
(approximately double) from vAC12L-infected mice than that
from controls, but the percentages were similar in spleen and
MLN preparations from all VV-infected groups (Fig. 3). The
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elevation in DX5™" cells recovered from BAL of vAC12L-in-
fected mice is not sufficient to account for all of the enhanced
NK cytotoxic activity observed: for example, compare the abil-
ity of BAL cells from vAC12L-infected mice to lyse targets at
an E:T ratio of 50:1 with those from vC12L and vC12L-rev-
infected mice at an E:T ratio of 100:1. These findings suggest
that the activation state of NK cells is also enhanced in the
lung.

Enhanced CTL activity in mice infected with vAC12L. To
assess the effect of VV C12L on VV-specific CTL activity, the
cytotoxic activity of effector cells from BAL, lung, spleen, and
MLN was examined against uninfected or WR-infected P815
cells. No VV-specific CTL activity was observed with effector
cells recovered from any site at day 3 p.i. (data not shown). At
day 7, VV-specific CTL activity was higher in BAL and lung
cells from vACI12L-infected mice than that in vCI12L- and
vC12L-rev-infected controls (Fig. 4). A more modest enhance-
ment was also observed in spleen and MLN. All effector pop-
ulations showed low cytotoxic activity against uninfected P815
cells (<10% at an E:T ratio of 100:1) (data not shown). Treat-
ment of day 7 lung cells from vACI12L-infected mice with
complement plus anti-CD8 MAD abrogated virtually all CTL
activity (undepleted = 45%, complement alone = 39%, com-
plement plus anti-CD8 = 2% lysis, at an E:T ratio of 100:1),
confirming that cytotoxic activity against VV-infected P815
cells was mediated by CD8" lung cells.

The proportion of CD8* T lymphocytes present in lung and
BAL fluids from vAC12L-infected mice on day 7 was approx-
imately twofold greater than that from vC12L and vC12L-rev
controls (Fig. 4); however, again, this difference does not fully
explain the enhanced cytotoxic activity from these sites (com-
pare the lysis at an E:T ratio of 50:1 for vAC12L to 100:1 for
vCI12L or vC12L-rev cells). Evidently, more CTLs are present
in the lungs of vAC12L-infected mice, and these CTLs are in a
higher state of activation than cells from control-infected ani-
mals. Similar proportions of CD8" lymphocytes were detected
in all spleen and MLN samples tested.

VV CI12L inhibits IFN-y induction in vivo. IL-18 induces
IFN-y production by murine T cells and NK cells (39), and
IFN-vy possesses antiviral activity (43). We therefore examined
levels of IFN-y in the lungs of VV-infected mice. First, an
ELISA was used to determine levels of IFN-y in BAL on days
3 and 7 p.i. Low levels of IFN-y were detected in BAL from
vC12L-, vAC12L-, and vCI12L-rev-infected mice at day 3 (Fig.
5A). By day 7, there was a 10-fold increase in BAL IFN-vy levels
from vC12L (972 = 253 pg/ml) and vC12L-rev (1,128 + 380
pg/ml)-infected mice (Fig. 5B). Most striking, however, is the
enhancement of IFN-y observed in BAL from vAC12L-in-
fected animals (7,602 = 1,786 pg/ml), indicating an important
role for IL-18 in augmenting IFN-y production in response to
VV infection at this time.

To determine which cells in the lung were producing IFN-v,
we performed intracellular staining of lung lymphocytes for
IFN-y. At day 3, we examined IFN-y production by DX5% NK
cells in the lung. Consistent with the low levels of IFN-v in day
3 BAL fluids, IFN-y was detected in less than 5% of DX5" or
DX5™ lymphocytes at this time (data not shown). At day 7,
more CD4" (Fig. 5C) and CD8" (Fig. 5D) lung lymphocytes
from VV-infected animals stained for IFN-y than did those
from mock-infected controls. The proportion of both CD4"
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FIG. 4. CTL activity in BAL, lung, spleen, and MLN after VV
infection. Groups of six mice were mock infected (¢ ) or infected with
10* PFU of vC12L (m), vAC12L (O), or vC12L-rev (A). At day 7, CTL
activity was determined in cell suspensions prepared from BAL, lung,
spleen, and MLN of mice. Specific lysis of WR-infected P815 cells was
assessed by *'Cr-release assay. Data are expressed as the mean *
standard error from two groups of mice (n = 3 per group). Lysis of
noninfected P815s by day 7 effector cell populations was always <10%
at an E:T ratio of 100:1 and is not shown. Cells were also stained for
expression of CD8 and examined by flow cytometry with a minimum of
20,000 cells analyzed in a lymphocyte gate. Results are expressed as the
percentage of CD8" cells in the total viable cell population. P values
were determined by Student’s ¢ test and indicate the mean percentage
of CD8" cells from mice infected with vAC12L that were significantly
different from those from mice infected with vC12L or vC12L-rev. *, P
< 0.05.

and CD8™ lymphocytes that stained for IFN-y was significantly
greater from vACI12L-infected mice than that from lung cells
from animals infected with control viruses. IL-4 and IL-10 were
not detected (<1% of total lymphocytes) in any lung cells by
intracellular staining at day 3 or 7 (data not shown).
Pulmonary nitrite levels are elevated during infection with
vAC12L virus. NO is produced by a wide range of mammalian
cells and has been demonstrated to inhibit VV replication in
vitro (28) and in vivo (45). The inducible nitric oxide synthase
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FIG. 5. Production of IFN-y in the lungs of VV-infected mice.
Groups of four to six BALB/c mice were mock infected (<) or infected
with 10* PFU of vC12L (m), vAC12L (O), or vC12L-rev (A). At days
3 and 7, mice were sacrificed, BALs were performed, and single-cell
suspensions were prepared from lung tissue. (A and B) Levels of
IFN-vy in BAL fluids of VV-infected mice. BAL samples were centri-
fuged, and the levels of IFN-y present in the supernatant were deter-
mined by ELISA at days 3 and 7. Values for individual mice are shown.
The broken line represents the minimum detection level of the assay.
(C and D) Intracellular production of IFN-y by lung lymphocytes from
mice 7 days pi. Lung cells were stimulated with PMA and iomnomycin
for 4 h, and brefeldin A was added to retain cytokines in the cytoplasm.
Cells were stained with FITC-labeled anti-CD8, QR-labeled anti-CD4,
and, after permeabilization with saponin, PE-labeled anti-IFN-y be-
fore analysis by three-color flow cytometry. Shown is the percentage of
CD4" (C) or CD8" (D) T lymphocytes producing IFN-y. Values are
averaged from two groups (n = 3 per group). P values were deter-
mined by Student’s ¢ test and indicate the mean percentage of CD8"
cells from mice infected with vAC12L that were significantly different
from those from mice infected with vC12L or vC12L-rev. *, P < 0.05;
P < 0.02.

(iNOS) enzyme produces high levels of NO and is up-regulated
by cytokines such as IFN-y and tumor necrosis factor alpha
(TNF-a). Given the marked elevation in IFN-vy levels in the
lungs of vAC12L-infected mice (Fig. 5), we investigated levels
of nitrite in cell-free BAL fluid as a measure of NO activity.
BAL nitrite levels peaked earlier (day 7) and at higher levels in
vACl12L-infected mice than in vC12L- or vC12L-rev-infected
animals (Fig. 6). By day 10 p.i., BAL nitrite levels declined in
vAC12L-infected mice but remained high in C12L- or vC12L-
rev-infected mice.
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FIG. 6. Nitrite levels in the cell-free BAL of mock-infected mice or
mice infected with 10* PFU of vC12L, vAC12L, or vC12L-rev. The data
for each time point represent the mean nitrite level * standard error
of four to five individual mice. Columns marked with an asterisk
indicate nitrite levels in BAL fluid from vACI12L-infected mice that
were statistically different from those from both vC12L- and vC12L-
rev-infected animals. **, P < 0.02.

IL-18 is produced in response to VV infection in vivo and in
vitro. Many orthopoxviruses encode IL-18bps, yet the ability of
these viruses to induce IL-18 production has not been exam-
ined. We used an ELISA to measure IL-18 levels in BAL from
mice infected with 10* PFU of vC12L, vAC12L, or vC12L-rev.
Levels of IL-18 were below detection (<25 pg/ml) in BAL
from mock-infected mice or from mice 3 days p.i. with VV, but
could be detected at similar levels in BAL fluids 7 days p.i. with
either vC12L, vAC12L, or vC12L-rev (Fig. 7A). This showed
that IL-18 is induced in response to VV infection in vivo and
that expression of vIL-18bp does not affect levels of IL-18 in
the lung at day 7 p.i. In a second experiment, recombinant
vIL-18 bp containing a C-terminal six-histidine tag (C12L-His)
was produced from recombinant baculoviruses and purified by
metal chelate affinity chromatography. Addition of 0.1 pg of
purified C12L-His per ml to BAL fluid taken from mice 7 days
after infection with vAC12L had no effect on the levels of IL-18
detected (data not shown), indicating that the ELISA could
detect IL-18 even when bound by the vIL-18bp.

IL-18 is expressed in many different cell types, but macro-
phage-like cells are a major source of IL-18 production (15).
Therefore, we investigated whether lung macrophages could
release IL-18 in response to VV infection. We found signifi-
cant amounts of IL-18 were released by lung macrophages 24 h
p.i. with vC12L, vAC12L, or vC12L-rev (Fig. 7B).

DISCUSSION

The VV WR gene CI12L encodes a protein that inhibits
murine IL-18 in vitro and promotes virulence in a murine
intranasal model. A deletion mutant lacking C12L induced
reduced viral titers in lungs, brain, and spleen; heightened
cytotoxic NK and CTL activities in the lungs, spleen, and
MLNSs; and enhanced production of IFN-y and nitrite in the
lungs. IL-18 was also produced in response to VV infection
both in vivo and in vitro. Together, these findings demonstrate
a role for the vIL-18bp in modulating aspects of both the
innate and specific host response to VV infection.
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FIG. 7. IL-18 production in response to VV infection in vivo and in
vitro. (A) IL-18 levels in BAL. Mice were infected with 10* PFU of
vCI2L, vACI12L, or vC12L-rev and were sacrificed 3 or 7 days later.
BAL:s from four to five mice were pooled, and the level of total IL-18
protein was determined by ELISA. Data are expressed as the mean +
standard error from two independent experiments. (B) IL-18 release
by lung macrophages. Lung macrophages were isolated from naive
BALB/c mice and cultured in the presence of 10 PFU of vC12L,
VvACI12L, or C12L-rev per cell. Supernatants were measured for IL-18
by ELISA. Results are expressed as the mean * standard error of
duplicate wells.

IL-18 treatment augments the antiviral response in mice
after intravenous challenge with VV and enhances NK and
CTL activity (56). Our findings highlight the role of IL-18 in
the development of a protective immune response against VV.
In addition to enhancing cell-mediated immunity, IL-18 pos-
sesses proinflammatory properties that are relevant for viral
infections. NO, cytokines (TNF-«, IL-1B, and IL-6), and che-
mokines (IL-8, MCP-1, MIP-1a, and MIP-1B) (18, 23, 42) are
induced in response to IL-18 and can exert direct antiviral
activity (as shown, for example, by VV-infected cells’ sensitivity
to killing by both NO [29] and TNF-« [33]) or modulate the
recruitment of inflammatory cells. In mouse lungs, IL-18 is
expressed by pulmonary epithelium and mononuclear cells
(12). Here we demonstrate for the first time that IL-18 is
produced in response to VV infection; IL-18 was detected in
BAL from VV-infected mice and in supernatants from naive
lung macrophages infected with VV in vitro.

The intranasal model has allowed us to delineate the influ-
ence of vIL-18bp on innate and specific antiviral effector mech-
anisms. At day 3 p.i., cytotoxic activity against NK-sensitive
YAC-1 cells was abrogated by in vitro treatment with anti-
asialo-GM,, but not anti-CDS8, antibodies. At day 7, NK cell
cytotoxic activity was undetectable, and CD8" cells were
shown to mediate lysis of VV-infected, but not uninfected,
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P815 targets. Early in infection, loss of C12L promoted an
enhanced NK cytotoxic response, but had little effect on IFN-y
production or viral load. However, by day 7, VV-specific CTL
activity and production of IFN-y were heightened from mice
infected with vAC12L, and this correlated with a reduction of
virus titers in lungs, brain, and spleen. Although we have dem-
onstrated a role for IL-18 in augmenting the innate response to
VV infection, it is the ability to promote a more vigorous
Thl-like response (characterized by heightened CTL activity
and IFN-y production) that is critical in mediating the accel-
erated clearance of vAC12L.

Depletion of NK cells from mice lowered resistance to VV
following intraperitoneal infection (10, 11). Our results suggest
that in the intranasal model, while it is likely that NK cells and
other innate effectors act to limit early viral replication, this
effect is not enhanced significantly in the presence of IL-18. In
contrast, IL-18 was an important inducer of NK cytotoxicity
and IFN-y production up to 3 days p.i. of mice with an EV
mutant lacking vIL-18bp (8). A modest reduction in EV titer
was reported in the liver at day 3, suggesting that the impor-
tance of the vIL-18bp in this model resides in the attenuation
of NK effector function. For VV infection of the lung, we
confirm a role for vIL-18bp in restricting the early NK cell
response, but more importantly, we demonstrate that vIL-18bp
suppresses the differentiation and activation of T lymphocytes
to secrete IFN-y and mediate CTL activity. It would be inter-
esting to examine later Th-1 responses in the EV model and
the role they play in mediating viral clearance.

The importance of IFN-vy in host defense against VV is well
established. Mice infected with VV can clear infection in the
absence of CD8" T lymphocytes (53); however, experimental
mice deficient in production of IFN-y (14) or IFN-y receptors
(IFN-yR) (24, 38) or treated with a neutralizing antibody to
IFN-y (27, 46) are highly susceptible to infection despite the
generation of virus-specific immune responses. The antiviral
activity of IFN-v is mediated through activation of NK cells,
lymphocytes, and macrophages, and the induction of several
proteins and enzymes. The enhanced levels of nitrite in BAL
fluids from vAC12L-infected mice 7 days after infection (Fig.
6) would be consistent with IFN-y-upregulating enzymes such
as iNOS in the lung, leading to the production of reactive
nitrogen species that inhibit VV replication (28, 45). Chemo-
kines such as MuMig (murine monokine induced by IFN-v)
and Crg (cytokine-responsive gene 2) are also induced by
IFN-vy and play a role in IFN-mediated defense against VV
infection in vivo (34). IFN-y levels are 10- to 20-fold higher in
BAL from vAC12L-infected mice than in that from vC12L and
vC12L-rev controls (Fig. 5B). Our data also demonstrate that
IL-18 favors the differentiation and development of CD4™" and
CD8" T cells primed to produce IFN-y in the lung (Fig. 5C
and D). Together, these data demonstrate that vIL-18bp an-
tagonizes the IFN-y response to VV in vivo.

VV, cowpox virus, and camelpox virus encode an IFN-yR
that binds and inhibits the biological activity of human, bovine,
and rat IFN-v, but fails to neutralize mouse IFN-y (3, 4, 37,
55). Deletion of VV IFN-yR did not alter the virulence of VV
strain WR in a murine intranasal model (55). In the absence of
an effective viral receptor for murine IFN-vy, blockade of IL-
18-induced IFN-vy production by the C12L protein would be an
important mechanism to undermine the IFN-y response of the
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host. In contrast, the EV IFN-yR neutralizes murine IFN-y
(37, 50), suggesting a more direct role in counteracting mouse
IFN-v in vivo.

In addition to secreted proteins that bind and inactivate
host-derived cytokines, poxviruses encode proteins to interfere
with intracellular antiviral pathways. To combat IFNs, VV
expresses soluble receptors for IFN-a/B and IFN-vy, as well as
intracellular proteins that block the IFN-induced inhibition of
protein synthesis (6, 13). Similarly, IL-1B activity is neutralized
by a secreted IL-1BR (2, 52) and an intracellular protein,
termed B13R, which inhibits caspase 1 and blocks conversion
of pro-IL-1B into mature IL-1B (30, 44). Pro-IL-18 is also
cleaved into mature IL-18 by caspase 1 (21), suggesting that
B13R may also inhibit IL-18 cleavage within virus-infected
cells.

The data presented here illustrate how the response to in-
fection can be influenced by the IL-18bp and suggest that
deletion of this gene from VV strains, such as MVA, which
expresses this protein (51, 54), might increase the safety and
immunogenicity of these vaccines. These may be applicable to
development of new vaccines for smallpox, other infectious
diseases, and cancer. Consistent with this proposal, the Thl
and antigen-specific CTL responses of DNA vaccines were
enhanced by coadministration of IL-18 (7, 17).

In summary, our data demonstrate an important role for
IL-18 in the host response to pulmonary infection with VV,
through the regulation of NK cell and T-cell cytotoxicity and
the production of IFN-v.
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